Lipids are small amphipathic molecules that are insoluble in water and self-assemble into complex structures in an aqueous environment ( Figure 1 ). The nervous system is particularly enriched in lipids and maintains a more diverse lipid composition than other tissues (Bozek et al., 2015; Sastry, 1985) . This lipid diversity is associated with the evolution of higher cognitive abilities in primates (Bozek et al., 2015) and is affected by age and gender (Rappley et al., 2009; Zhang et al., 1996) , neuronal activity (Kolomiytseva et al., 2008) , and stress and trauma (Ji et al., 2012; Oliveira et al., 2016) . Moreover, lipidome changes are associated with a wide spectrum of neurological and psychiatric diseases (Chan et al., 2012; Cheng et al., 2011; Krebs et al., 2013; Kurian et al., 2010; Leoni and Caccia, 2015; Martín et al., 2010; Morel et al., 2013; Rappley et al., 2009; Wood et al., 2014; Zhu et al., 2015) and are paralleled by interest in lipid biomarkers (Mapstone et al., 2014) and lipid-modifying therapies (Kamel et al., 2014; Ritchie et al., 2014) . Positive preclinical findings have already led to trials based on the use of lipid-modifying drugs or specific lipid diets, notably for the treatment of patients with Alzheimer disease or amyotrophic lateral sclerosis (Sparks et al., 2005; Li et al., 2007; Sijben et al., 2011; Wills et al., 2014) (https://ClinicalTrials.gov).
Neurons transmit information over long distances and possess a presynaptic terminal that is specialized for neurotransmitter release (Rizzoli, 2014; Sü dhof, 2004 ). This terminal is functionally dedicated to membrane remodeling (Figure 1 ). At synapses, the plasma membrane is extensively restructured to produce synaptic vesicles using endocytic mechanisms, which are sorted and trafficked and then rapidly fuse with the plasma membrane upon opening of voltage-gated ion channels. Although we typically think of protein machinery driving these events, membrane lipid molecules have key roles (Davletov and Montecucco, 2010; Puchkov and Haucke, 2013) . Synapses are enriched in cholesterol (Puchkov and Haucke, 2013) and poly-unsaturated fatty acids (PUFAs) (Figure 1 ) (Marszalek and Lodish, 2005; Takamori et al., 2006) , and neurotransmission requires several specific trace lipids, including phosphatidylinositol phosphates (PtdInsPs) (Figure 2 ) (Puchkov and Haucke, 2013) . Furthermore, the presynaptic terminal contains numerous lipid-metabolizing enzymes that locally alter lipid structures and are associated with neurological diseases (Cremona et al., 1999; Di Paolo et al., 2004; Rohrbough et al., 2004) .
Here we discuss how membrane lipids convey information and actively participate in presynaptic functions via mechanisms that go far beyond simply maintaining a physical barrier. Indeed, on the basis of several specific examples, we highlight how many presynaptic processes are driven by such an intimate, co-dependent, lipid-protein interaction that in the end their functional contribution is inseparably linked. It thus seems that the specialized functions of the presynaptic terminal evolved through cooperation between lipid and protein molecules, and the two work in tandem to drive neurotransmitter release.
Charged Lipids Organize the Presynaptic Terminal
Presynaptic terminals are highly efficient membrane-remodeling machines. A synaptic vesicle fuses with the plasma membrane within 1 ms of an action potential arriving, and the terminal can maintain rounds of vesicle fusion at frequencies of 100 Hz or higher. Synaptic vesicle exocytosis is spatially organized to occur at active zones that face the clustered neurotransmitter receptors on postsynaptic cells. Active zones contain the core machinery of exocytosis, including the Q-SNAREs Syntaxin 1 and SNAP25, and several core active zone proteins (e.g., RIM, RIM-BP, unc-13, Liprin-alpha-1, and ELKS) that mediate synaptic vesicle docking and priming and recruit voltage-gated calcium channels (Sü dhof, 2012) . A second major round of membrane reorganization occurs post-exocytosis when the terminal re-internalizes membrane (Watanabe et al., 2013; Zhou et al., 2014) . Presynaptic endocytosis is coupled in time and space to synaptic vesicle release, and without this compensation, exocytosis would expand the plasma membrane, proteins and lipids would become mislocalized, and the terminal would eventually lack synaptic vesicles (Kononenko and Haucke, 2015) . Membrane lipids (Figure 1 ), especially negatively charged phosphatidylserine (PtdSer) and PtdInsPs in the cytosolic face of the plasma membrane (Figure 2 ), function at multiple steps of the synaptic vesicle cycle, and the electrostatic charge of these lipids is central to presynaptic exo-and endocytosis and helps couple the two processes. (A) Synaptic membranes primarily consist of glycerophospholipids, sphingolipids, and sterols, of which the most abundant are phosphatidylcholine, sphingomyelin, and cholesterol, respectively. The hydrophobic portion of each is highlighted in yellow and polar head groups in blue. Lipases cleave specific sites to generate new lipid species, and the cleavage sites for phospholipases A, C, and D (PLA, PLC, and PLD), sphingomyelinase (SMase), and ceramidase (CDase) are indicated by arrowheads. (B) Head groups vary in size and structure. DAG contains only a hydroxyl group, PA a phosphate group, phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) an inositol-phosphate group, glucosylceramide (GluCer) a glucose group, or GM3 ganglioside a complex oligosaccharide (NeuAca2-3Galb1-4Glcb).
(C) FA chains vary in length and saturation state and define the height, shape, and flexibility of a lipid. (D) Lipids are amphipathic molecules that self-assemble into bilayers driven by the energetically favorable partitioning of hydrophobic tails away from water. Divergent geometries cause lipids to cluster into dynamic nano-and microdomains, based on non-covalent interactions between FA chains (London dispersion forces) and hydrogen bonding of polar head groups. Membrane thickness is influenced by the length and the saturation level of FA chains and is often increased by higher cholesterol concentrations. (E) Lipid bilayers at the presynapse undergo extensive and concerted shape changes. Synaptic vesicle exocytosis requires membrane fusion mediated by the assembly of SNARE complexes in trans between the synaptic vesicle and plasma membrane. This is probably assisted by fusogenic lipids and membraneremodeling proteins (orange). Synaptic vesicle membrane internalization can then occur via kiss-and-run, ultrafast endocytosis, CME, or bulk endocytosis. Here again membrane lipids and membrane-remodeling proteins (orange) are involved.
PtdInsPs Nanodomains in Active Zone Organization
The phosphatidylinositol (PtdIns) head group can be phosphorylated at three different positions, giving rise to seven different PtdInsPs on the basis of the location and number of phosphates ( Figure 2A thus specifically localize to membrane compartments containing that lipid. PtdIns(4,5)P2 is particularly important in the presynaptic terminal, where it is required for neurotransmission and directly controls the rate of calcium-stimulated exocytosis (Milosevic et al., 2005; Di Paolo et al., 2004) . In the active zones of neuroendocrine PC12 cells, PtdIns(4,5)P2 is unevenly distributed in the plasma membrane, where it concentrates in specific subdomains marked by the Q-SNARE Syntaxin 1A and docked dense core vesicles (Aoyagi et al., 2005) . The mechanistic basis of this clustering is relatively well understood and is thought to be due to binding between PtdIns(4,5)P2 and basic residues in the juxtamembrane region of Syntaxin 1A that link the transmembrane and SNARE regions ( Figure 2B ). Indeed, molecular simulations predict that each Syntaxin 1A binds five PtdIns(4,5)P2 molecules (Khelashvili et al., 2012) . The interaction causes both molecules to co-organize into 70 nm clusters detected by super-resolution microscopy using antibodies and probes to detect PtdIns(4,5)P2 (Bar-On et al., 2012; van den Bogaart et al., 2011; Murray and Tamm, 2011) . Consistent with the functional importance of their co-segregation, overexpression of the PtdInsP-phosphatase Synaptojanin-1 (encoded by the Synj1 gene) that notably metabolizes PtdIns(4,5)P2 and PtdIns(3,4,5) P3 (Figure 2A ) causes Syntaxin-1A dispersion across the plasma membrane (van den Bogaart et al., 2011 ). The precise stereochemistry of the PtdIns(4,5)P2 head group may be less important for syntaxin 1A organization, and other negatively charged PtdInsPs, including PtdIns(3,4,5)P3, which has even greater negative charge (Figure 2A ), could play a similar role (Murray and Tamm, 2011) . At the Drosophila neuromuscular junction, lowering the availability of PtdIns(3,4,5)P3 reduces Syx1A clustering and neurotransmission (Khuong et al., 2013) . Furthermore, because the Synaptojanin-1 overexpression strategy used to assign the importance of PtdIns(4,5)P2 in mammalian cells is also thought to metabolize PtdIns(3,4,5)P3 (Figure 2A) , it is conceivable that PtdIns(3,4,5)P3 is broadly important for this aspect of active zone organization (van den Bogaart et al., 2011; Khuong et al., 2013) .
Several proteins responsible for synaptic vesicle priming and docking also bind negatively charged lipids, particularly PtdInsPs, to cluster in the active zone (Martin, 2015) . This is largely mediated by structured, positively charged motifs, such as C2, phosphotyrosine-binding or plekstrin homology (PH) domains. C2 domains mediate calcium-dependent and calcium-independent binding to PtdIns(4,5)P2 and are present in cytosolic proteins, including two of the core active zone proteins (unc-13 and RIM) (Sü dhof, 2012) . C2 domains are also present in the synaptic vesicle proteins Synaptotagmin-1 and Doc2-beta that bridge the synaptic vesicle membrane with the plasma membrane (Davletov and Sü dhof, 1993; Wen et al., 2011) . These membrane-bridging interactions may be regulated by other negatively charged lipids, including PtdSer, which can compete with PtdInsPs for protein binding. PtdSer is far more abundant than PtdInsPs in synaptic membranes (Takamori et al., 2006) and directly facilitates exocytosis in PC12 cells (Zhang et al., 2009) . On the basis of in vitro work, PtdSer and PtdInsPs appear to compete for whether Synaptotagmin-1 binds in cis to synaptic vesicle membranes or in trans to the plasma membrane (Chapman, 2002; Vennekate et al., 2012) . Although these lipidprotein interactions are often low affinity, the presence of multiple membrane binding domains in a dense network may explain why stable complexes can eventually form at the active zone plasma membrane. Hence, PtdInsPs cluster and regulate both transmembrane and peripheral membrane proteins at presynaptic terminals. Charged Lipids Regulate Presynaptic Protein Interactions PtdInsPs not only help to cluster proteins in the plasma membrane but also appear to regulate the binding between core elements of the presynaptic machinery. The synaptic vesicle R-SNARE, VAMP2, and the calcium sensor Synaptotagmin-1 contain a positively charged region that binds PtdSer and PtdInsPs (Caccin et al., 2015; Williams et al., 2009 ). In the case of VAMP2, interaction with PtdInsPs and PtdSer promotes regulated exocytosis in insulin-secreting beta cells (Williams et al., 2009) . The data suggest that PtdSer and PtdInsPs promote the binding of VAMP2 and Syntaxin-1A by shielding positive charges on either protein as they approach each other during synaptic vesicle docking ( Figure 2C ). Other lipids also appear to be involved in regulating VAMP2-PtdInsP interactions, including positively charged sphingosine (Darios et al., 2009; Quetglas et al., 2000) , that can be locally generated by ceramidase cleavage of sphingolipids (Rohrbough et al., 2004) (Figure 1A) . Thus, by regulating interactions between charged domains, PtdInsPs, PtdSer, and sphingosine can buffer protein-protein interactions to regulate the efficiency of exocytosis. PtdInsPs Regulate Ion Channel Activity PtdInsPs are multifaceted and also regulate the activity of ion channels that underlie neuronal excitability. PtdIns(4,5)P2, in particular, so strongly controls ion channel conformation that only the proteo-lipid form of a complex conducts ions (Gamper and Shapiro, 2007) . The mechanistic basis of this is best solved for the inward rectifying potassium channels that are responsible for maintaining membrane resting potential. Crystal structures of the Kir2.2 channel in the presence and absence of PtdIns(4,5)P2 (Hansen et al., 2011; Li et al., 2015) showed PtdIns(4,5)P2 binding sites located at the interface between the transmembrane and the cytosolic CTD domain of each channel subunit. The presence of PtdIns(4,5)P2 lipids causes a 5-6 Å upward translocation of the entire CTD domain toward the membrane, accompanied by a rotation of the helices that otherwise line the channel gate to swing their hydrophobic side chains away from the ion translocation path ( Figure 2D ). Consistently, the ability of Kir2 channels to conduct current is inhibited by lipid phosphatases or anti-PtdIns(4,5)P2 antibodies (Gamper and Shapiro, 2007; Hilgemann et al., 2001; Huang et al., 1998) .
The basic Kir2.2 amino acid residues that bind PtdIns(4,5)P2 are conserved among Kir channels. PtdIns(4,5)P2 binding also alters the conformation of the voltage-gated potassium channel Kv7.1 in response to membrane potential variation (Zaydman et al., 2013) , suggesting that it may be a broadly relevant regulatory mechanism. PtdIns(4,5)P2 regulation of channels may help ensure that these remain inactive while trafficked, given that internal organelles contain very little PtdIns(4,5)P2. Conversely, presynaptic active zones harbor more PtdIns(4,5)P2, and this mechanism can selectively promote ion channel activation in the vicinity of the calcium-dependent membrane-remodeling machinery. Recent work in immunology also raises the possibility that positively charged calcium ions neutralize the anionic charge on PtdInsPs to release protein-PtdInsP binding interactions . In this case, PtdIns(4,5)P2 might simultaneously activate active-zone localized channels and provide a layer of calcium sensitivity.
These examples support a model in which local nano-or microdomains of specific lipids (e.g., PtdIns(4,5)P2) confine the function or localization of exocytic proteins to presynaptic densities. PtdIns(4,5)P2 organizes synaptic vesicle fusion sites and clusters with syntaxin and other proteins in the presynaptic density. It also regulates protein interactions to allow vesicle docking and priming by synaptic vesicle associated proteins and simultaneously controls the activity of channels that regulate neuronal excitability. Positive charges on the head group of sphingosine or calcium ions can in turn modulate PtdInsP-dependent protein organization and interactions, thereby controlling protein-protein interactions and presynaptic release efficacy. PtdIns(4,5)P2 Is a Ligand for the Endocytic Machinery Post-exocytosis, lipids and proteins are retrieved within milliseconds by ultrafast endocytosis from the region of the plasma membrane that directly surrounds the active zone, or within seconds by clathrin-mediated endocytosis (CME) or bulk endocytosis from the adjacent periactive zone ( Figure 1E ) (Kononenko and Haucke, 2015; Zhou et al., 2014) . PtdIns(4,5)P2 has a prominent role in the clathrin-dependent branch of these processes, and potentially also in other vesicle retrieval mechanisms, because it binds to many endocytic factors including the clathrin adaptors AP2, AP180, CALM, HIP-1, and Epsins. Several of these proteins possess ANTH or ENTH domains that bind PtdIns(4,5)P2 as well as other negatively charged lipids (Posor et al., 2015) . Accordingly, reducing PtdIns(4,5)P2 availability by shielding, using high-affinity PH domain probes, or acutely promoting dephosphorylation by recruiting a 5-phosphatase to the plasma membrane, disrupts the cell surface localization of these endocytic adaptors (Jost et al., 1998; Khuong et al., 2013; Zoncu et al., 2007) . In turn, loss of plasma membrane-bound adaptors inhibits clathrin-coated pit formation (Jost et al., 1998; Di Paolo et al., 2004; Zoncu et al., 2007) . There is also evidence that the amount of PtdIns(4,5)P2 is rate limiting for CME, because overexpression of the PIP5KC gene, encoding the PIP5KIgamma kinase that elevates presynaptic PtdIns(4,5)P2 (Figure 2A ) (Wenk et al., 2001 ) and promotes the growth of clathrin-coated pits in epithelial cells (Antonescu et al., 2011) and likely also at synapses. PtdIns(4,5)P2 is also involved at a later stage of CME when the negative charge appears to interact with the endocytic factor Endophilin-A (Peter et al., 2004) and the GTPase Dynamin-1 (Salim et al., 1996) to regulate vesicle fission from the plasma membrane (Chang-Ileto et al., 2011) (see below). Localized production of PtdIns(4,5)P2 is therefore also critical to accurately localize the endocytic machinery throughout the different steps of CME. PtdInsP Metabolism Driving the Synaptic Vesicle Cycle PtdInsPs help define endocytic zones as well as synaptic vesicle fusion sites. How do these lipids maintain a functional divide and drive the synaptic vesicle cycle forward? Many proteins recognize only one specific PtdInsP species (Hammond and Balla, 2015) , suggesting that the PtdInsP-composition of a membrane defines which proteins are recruited. Hence these lipids represent a marker of ''membrane identity.'' This role of PtdInsPs is particularly well delineated in the endosomal system in which PtdIns3P, PtdIns(3,5)P2, PtdIns(4,5)P2, and to a lesser extent PtdIns(3,4)P2 define different sub-compartments and help correctly target proteins to specific endosomal intermediates (Di Paolo and De Camilli, 2006) . Furthermore, PtdInsPs are inter-converted by specific kinases and phosphatases ( Figure 2A ) to rapidly change their membrane concentration, a property that is exploited to sequentially recruit endocytic machinery for the formation of synaptic vesicles ( Figure 2E ) (Posor et al., 2015) .
The importance of presynaptic PtdInsP conversion is illustrated by the consequences of Synj1 and Pip5kc1 loss-of-function mutations. Pip5kc1 null mice fail to efficiently phosphorylate PtdIns(4)P to form PtdIns(4,5)P2 and show a 40% reduction in the levels of PtdIns(4,5)P2 in neonatal brain, as well as much slower kinetics of clathrin-dependent synaptic vesicle recycling (Di Paolo et al., 2004) . Conversely, the 5-phosphatase domain of Synjaptojanin-1 dephosphorylates PtdIns(4,5)P2, and Synj1-null mice have elevated PtdIns(4,5)P2 levels. Synj1-mutant mice die shortly after birth because of neurological defects and Synj1-mutant mice, fish, flies, and nematodes all display large numbers of accumulated presynaptic protein-coated membrane structures (Cremona et al., 1999; Van Epps et al., 2004; Harris et al., 2000; Verstreken et al., 2003) . These membrane defects develop because Synaptojanin-1 conversion of PI(4,5)P2 to PI4P drives the release of endocytic factors, including clathrin coat disassembly, from the membrane of new synaptic vesicles (Cremona et al., 1999; Harris et al., 2000; Kim et al., 2002; Verstreken et al., 2003) .
While Synaptojanin-1-mediated PtdIns(4,5)P2 dephosphorylation is well characterized, the protein also harbors a SAC1 domain that dephosphorylates PtdIns3P, PtdIns4P, PtdIns5P, and, to a lesser extent, PtdIns(3,5)P2 (Guo et al., 1999; Zhong et al., 2012) . The functional role of this domain is less well studied, although a function in synaptic vesicle endocytosis in response to brief nerve stimuli has been proposed (Mani et al., 2007) . It is also intriguing that two distinct PtdInsP metabolizing activities are combined within one protein, raising the possibility that it allows additional spatial control on the sequential or coordinated conversion of different PtdInsP species.
The Synaptojanin-1 and PI3K-C2-alpha kinase activities appear also important at earlier CME stages. The latter forms PtdIns(3,4)P2 from PtdIns4P ( Figure 2A ). In turn, the newly generated PtdIns(3,4)P2 recruits the PX-BAR domain protein Sorting nexin-9 and possibly other effectors to mature clathrincoated pits just prior to dynamin-mediated fission (Posor et al., 2013) . Conversion of PtdIns(4,5)P2 into PtdIns(3,4)P2 by the successive action of Synaptojanin-1 (which forms PtdIns(4)P) and PI3K-C2-alpha (which uses PtdIns(4)P) might also contribute to clathrin coat removal given that the uncoating factor auxilin is recruited to membranes by PtdIns3P, PtdIns4P, or PtdIns(3,4)P2 (Massol et al., 2006) . Moreover, these PtdInsP metabolizing enzymes modify the lipid composition of the vesicle membrane in a way that confers an ''endosome-like identity,'' which might allow fusion with an endosomal intermediate compartment (Jä hne et al., 2015) . 
PtdInsP Metabolism and Neurological Diseases
Mutations in PtdInsP metabolizing enzymes underlie numerous symptomatically broad syndromes but also diseases that specifically affect the nervous system (Waugh, 2015) . Several genes encoding PtdInsP kinases and phosphatases, including PIP5K2A and SYNJ1, map to regions of the genome linked to schizophrenia and bipolar disorder Stopkova et al., 2003; Vicinanza et al., 2008) . More direct evidence comes from an Asp253Asn mutation that abolishes the kinase activity of PIP5KIgamma. This is the main enzyme responsible for PtdIns(4,5)P2 synthesis in the brain (Wenk et al., 2001 ) and the mutation causes a specific neuropathology with degeneration of anterior horn neurons termed lethal congenital contracture syndrome type 3. Homozygous individuals present with severe joint contractures, muscle atrophy and akinesia and typically die of respiratory failure within the first minutes or hours of life (Narkis et al., 2007a) . A very similar syndrome, named lethal congenital contracture syndrome type 2, is caused by homozygous mutation in the ERBB3 gene, encoding a protein that activates the PtdIns3K pathway leading to PtdIns(3,4,5)P3 production at the expense of PtdIns(4,5)P2 (Narkis et al., 2007b) . Pathogenic disturbance of PtdInsP metabolism may also contribute to Friedrich's ataxia, a multi-system disease characterized by progressive spinocerebellar neurodegeneration. The disease is caused by a GAA triplet expansion in FXN that encodes a mitochondrial protein (Pandolfo, 2009) , also affecting the neighboring PIP5KB gene and leading to reduced PtdIns(4,5)P2 levels (Bayot et al., 2013) . The importance of PtdInsP metabolism is further underscored by a homozygous (Arg258Gln) mutation in SYNJ1 that causes early-onset Parkinson's disease and epilepsy (Krebs et al., 2013; Olgiati et al., 2014; Quadri et al., 2013) . This mutation localizes to the SAC1 domain of Synaptojanin-1 and almost completely inhibits PtdIns3P and PtdIns4P hydrolyzing activity (Figure 2A ) (Krebs et al., 2013) . These PtdInsP species are found on synaptic vesicle membranes, endosomes, and membranes involved in lysosomal protein turnover (George et al., 2014) and, as mentioned above, seem to contribute to synaptic vesicle endocytosis in response to brief nerve stimuli (Mani et al., 2007) . Although this specific mutation establishes a link between loss of a PtdInsP metabolizing activity and Parkinson's disease, it appears that too much Synj1 activity also has pathological consequences. SYNJ1 is located on human chromosome 21 that is triplicated in Down syndrome. Elevated Synaptojanin-1 protein and enzyme activity are associated with some aspects of Down syndrome pathology, including that Synj1 triplication disrupts endosomal organization and causes cognitive impairment in mouse models of the disease (Cossec et al., 2012; Voronov et al., 2008) . SYNJ1 triplication may also contribute to the early onset of Alzheimer pathology in Down syndrome, and hemizygous Synj1 deletion protects against Ab peptide toxicity and rescues memory and learning in a mouse model of Alzheimer disease (Berman et al., 2008; McIntire et al., 2012) . A link between Alzheimer's disease and PtdInsP metabolism also comes from studies examining how the ApoE4 allele increases disease risk, which identified higher Synj1 and lower PtdIns(4,5)P2 in postmortem brain from ApoE4 carriers. These authors also again found a beneficial effect of hemizygous Synj1 deletion, protecting against memory defects of humanized ApoE4 knockin mice (Zhu et al., 2015) . Thus, although the precise mechanisms by which Synaptojanin-1-mediated PtdInsP dysregulation causes disease remains unidentified, there is accumulating evidence that either too much or too little Synaptojanin-1 activity has a role in neurological disease pathology. Although we focus here on the presynaptic roles of PtdInsPs, Synaptojanin-1 and PtdIns(4,5)P2 also function in the endocytosis of postsynaptic AMPA receptors (Gong and De Camilli, 2008) , which may equally contribute to pathogenesis.
Membrane Curvature, Fluidity, and Thickness in Presynaptic Function
Membrane lipids directly control biophysical parameters such as curvature, fluidity, and thickness. The levels of cone-shaped or inverted cone-shaped lipid species ( Figures 3A and 3B ) affect membrane curvature, and thus membrane bending can be regulated by local lipid metabolism or lipid exchange across the bilayer. The saturation state of fatty acyl (FA) chains also influences lipid geometry and affects membrane thickness and fluidity in concert with cholesterol and FA chain length (Antonny et al., 2015) . Although more difficult to experimentally dissect, it is becoming clear that lipid control of membrane biophysical properties also influences neurotransmission. Cone-Shaped Lipids Are Required for Synaptic Vesicle Cycling Protein-free artificial lipid bilayers can adopt curved structures and even spontaneously fuse if they include cone-shaped lipids that destabilize the bilayer ( Figures 3A-3D) , sometimes also referred to as ''fusogenic'' lipids (McMahon and Boucrot, 2015) . These lipids also appear to contribute to membrane fusion in vivo, likely by affecting membrane topology in a way that (B) Lipase activity can produce cone-shaped (green) and inverse cone-shaped (purple) lipids but also remove head group charges. Note that DAG that is generated by PLC can stimulate exocytosis by altering membrane curvature, as depicted in (C), but also by activating C1-domain proteins like protein kinase C (PKC) and Munc13 (Wierda et al., 2007) . (C) Exocytosis must overcome the energetically favorable interactions between water and lipid head groups and requires membrane deformation that brings the synaptic vesicle and plasma membrane into close enough proximity that their outer leaflets mix. Cone-shaped lipids (green) in the cis membrane leaflet and inverse cone-shaped lipids (purple) in the trans leaflet would hypothetically promote membrane fusion. (D) Lipid geometry influences membrane shape. Conical or inverted conical shaped lipids cause packing defects that expose hydrophobic residues to the solvent, which are resolved if the membrane adopts a curved shape. (E) Bilayer lipid asymmetry affects curvature. Cholesterol can fill small hydrophobic grooves and stabilize a highly curved bilayer. Cholesterol can also spontaneously flip across the bilayer to compensate for asymmetric lipid packing during membrane remodeling. PUFAs (green) can adopt a variety of conformations to overcome energetically unfavorable lipid packing and facilitate membrane bending. (F and G) The membrane lipid environment affects the activity of membrane embedded proteins. (F) PUFA flexibility is permissive for conformational changes in the cell surface receptor Rhodopsin explaining why these lipids facilitate phototransduction. (G) Model explaining how membrane thickness regulates the activity and substrate preference of the intramembrane protease Presenilin.
reduces the energetic requirement for membrane hemifusion ( Figure 3C ) (Kozlov et al., 2010) . This idea is further underscored by the observation that cone-shaped lipids that promote negative membrane curvature (ceramide, phosphatidic acid [PA], diacylglycerol [DAG] , and lysophospholipids) ( Figure 3A ) purify with active zone SNARE proteins (Lewis et al., 2014) . In addition, Syntaxin-1A binds and actively recruits the cone-shaped PA lipid to active zones and, Stx1A mutations that prevent PA recruitment, suppress vesicle secretion in PC12 cells. The specific importance of PA was also demonstrated by the finding that overexpression of the PA-generating enzyme Phospholipase D1 ( Figure 1A ) overcomes the secretory defect of Stx1A mutant expression (Lam et al., 2008) . The importance of lipid geometry is probably not limited to PA, and, for example, the Phospholipase C enzyme that produces DAG ( Figure 3B ) also promotes exocytosis in several systems (Cohen and Brown, 2001) .
If cone-shaped lipids on the cytoplasmic leaflet promote vesicle fusion, inverse cones in the outer leaflet might have similar activity ( Figure 3C ). Consistent with this prediction, extracellular application of a snake neurotoxin harboring Phospholipase A2 activity generates inverse cone-shaped lysophospholipids and free FAs ( Figures 1A and 3B ) in the extracellular leaflet of the plasma membrane. This venom also promotes synaptic vesicle exocytosis and inhibits synaptic endocytosis. Interestingly, when injected intracellularly, these same toxins have the opposite effect and block vesicle fusion while promoting membrane uptake (Rigoni et al., 2005; Wei et al., 2003) . These data are in support of the principle that localized changes in lipid geometry can strongly influence presynaptic membrane remodeling. Interestingly, several lipases are sensitive to calcium, suggesting that the localized calcium influx in the vicinity of active zones may result in the production of fusogenic lipids, thereby contributing to neurotransmission.
Lipases and Neurological Diseases
Membrane remodeling by phospholipases is critical for synapse function and maintenance. Mutations in the PLA2G6 gene encoding a calcium-independent phospholipase A2 (Cal-PLA2) that hydrolyzes the sn-2 FA chain of phospholipids and lysophospholipids ( Figure 1A ) underlie a phenotypic spectrum of recessive neurodegenerative disorders collectively termed phospholipaseassociated neurodegeneration (PLAN). These diseases include infantile neuroaxonal dystrophy, which presents with psychomotor deterioration, ataxia, hypotonia, followed by spastic tetraplegia, cerebellar, and optical atrophy, and patients rarely live longer than the age of 10 years (Kurian et al., 2011) . There is also atypical neuroaxonal dystrophy, which has a later age of onset and slower progression and is also associated with autistic-like behavior (Kurian et al., 2011) . More recently, patients were identified with adult-onset with PLA2G6 Dystonia-parkinsonism (PLAN-DP), who present with parkinsonism, dystonia in all limbs, cerebral and cerebellar atrophy, and cognitive decline (Paisan-Ruiz et al., 2009; Sina et al., 2009) .
The different clinical presentations are caused by dozens of distinct PLA2G6 mutations. How each drives pathology and the varied clinical presentations remains unclear, but there is evidence that at least some PLAN pathology is caused by loss of Cal-PLA2 lipase activity and presynaptic defects. This evidence includes pathological analysis of Pla2g6 null mice indicating the same ''spheroid bodies'' that characterize the human diseases, alongside presynaptic membrane defects such as abnormally large, swollen terminals, and loss of presynaptic membranes (Sumi-Akamaru et al., 2015) . However, the picture is also more complex, including that some PLAN-DP PLA2G6 mutations are instead associated with altered substrate preference and elevated catalytic activity (Engel et al., 2010) . This again illustrates that neurological function depends on tightly controlled lipid metabolism, to the point that disturbed control, not just loss of activity, causes human disease. Numerous lipid-metabolizing enzymes besides lipases are also associated with disorders of the central and peripheral nervous system, often leading to complex motor symptoms associated with various neurological and non-neurological manifestations (Garcia-Cazorla et al., 2015) . Here again, both pre-and postsynaptic effects of altered lipid metabolism likely have an impact on the development of neurological symptoms. The Hydrophobic Side of Lipids Lipids have diverse FA chains that vary in length and saturation state ( Figure 1C) , and nerve terminals are particularly enriched with PUFA-containing lipids (Marszalek and Lodish, 2005; Takamori et al., 2006) . PUFA-containing lipids directly facilitate presynaptic function because their acyl chains fill more space in the membrane hydrophobic core than saturated FA chains, and PUFAs have higher conformational flexibility ( Figure 3E ) (Antonny et al., 2015) . Indeed, membranes enriched in PUFAcontaining lipids are more flexible, and the membrane deforming activity of the Dynamin-Endophilin machinery is dramatically enhanced when PUFA lipids are included in a membrane (Pinot et al., 2014) . The flexibility of PUFAs is also thought to minimize the exposure of hydrophobic patches in highly curved membranes ( Figure 3E ) and thus to stabilize the small diameter of synaptic vesicles that have the highest curvature of any organelle.
Cholesterol also has a major influence on lipid packing and fluidity. Like PUFAs, presynaptic membranes are highly enriched in cholesterol (Puchkov and Haucke, 2013) , and cholesterol is critical for efficient neurotransmission (Bruckner et al., 2009; Dason et al., 2010; Thiele et al., 2000) . Cholesterol likely facilitates neurotransmission via several mechanisms, including its unique ability to freely translocate between bilayer leaflets. By moving to the expanding side of a curved membrane, the cone-shaped cholesterol would relax membrane stress by packing between lipid head groups ( Figure 3E ) (Bruckner et al., 2009) . Cholesterol also organizes the membrane into functionally important domains ( Figures 2B and 2B 0 ) and, for example, also regulates Syntaxin-1A clustering (Lang et al., 2001; Milovanovic et al., 2015; Murray and Tamm, 2009) . Although the effects of cholesterol vary by context, the classic model is that it generates thicker lipid bilayers by straightening flexible FA chains on phospholipids such as phosphatidylcholine (PtdCho) (McIntosh, 1978) and therefore co-segregates with long-chain lipids and with proteins having longer transmembrane domains ( Figure 2B 0 ). Rigidity and flexibility of FA chains within the bilayer controls protein conformation and protein activity. Flexible lipids, like PUFAs, may better accommodate conformational changes in transmembrane proteins than more rigid saturated FAs and therefore represent a permissive environment for protein activation. This concept arises from experimental data showing that phototransduction is enhanced in membranes that contain PUFAs, while omega-3 PUFA deficiency impairs visual acuity in rats and non-human primates (Neuringer et al., 1986; Wheeler et al., 1975) . Not only does it seem that membrane flexibility facilitates conformational change in the membrane embedded portion of the Rhodopsin photoreceptor ( Figure 3F ), but enhanced membrane fluidity may accelerate the lateral diffusion of membrane-bound elements of the downstream signal transduction cascade (Grossfield et al., 2006; Mitchell et al., 2001; Pitman et al., 2005) .
Transmembrane proteins can be affected by the biophysical properties of a membrane, including that membrane fluidity and thickness affect the presynaptic Gamma-secretase protease that is critical to Alzheimer's disease. The intramembrane catalytic domain of this protease cleaves the membraneembedded portion of numerous type I transmembrane proteins, such as Notch, N-cadherin, and the amyloid precursor protein (APP) (Kaether and Haass, 2004; Restituito et al., 2011) . This proteolytic activity is strongly associated with Alzheimer's disease because of disease-causing mutations in Gamma secretase and APP and because some APP-cleavage products form the characteristic amyloid plaques. Cholesterol is a well-known modulator of Gamma-secretase activity, at least in part because it helps localize this protease to specific membrane subdomains (Lee et al., 1998) . Gamma-secretase also has a choice of positions where it can cleave a substrate. When processing APP, cuts that occur deeper within the membrane produce the more hydrophobic Ab 42/43 peptide that is associated with disease pathogenicity, rather than the shorter and less toxic Ab 40 peptide ( Figure 3G) (Haass, 2004) . Interestingly, Gamma-secretase embedded in liposomes containing FAs with 18 carbon atoms produces significantly less Ab 42/43 peptide and more Ab 40 , than in a shorter, 16-carbon-atom FA environment, even when assessing the activity of a mutant Gamma-secretase that causes Alzheimer's disease (Winkler et al., 2012) . These data suggest a model of bilayer thickness aligning the transmembrane segments of the protease and substrate to minimize hydrophobic mismatch, thus modifying how the substrate is exposed to the catalytic site and producing different cleavage products and catalytic activity ( Figures 2B  0 and 3G) . Future modeling in combination with structural data will help unveil the exact mechanism at work. In addition, there are numerous other links between Alzheimer's disease pathology and lipid biology (Di Paolo and Kim, 2011) .
By setting bilayer parameters such as curvature, fluidity, and thickness, lipid composition thus defines the extent of synaptic membrane remodeling, organizes membrane domains, and regulates transmembrane proteins. Note that although we separately considered these membrane properties, several are inter-dependent and act in parallel. In addition, their individual contributions are difficult to evaluate, given that they are thought to depend on highly localized and often transient differences in membrane composition.
The Co-operative Relationship of Presynaptic Membrane Lipids and Proteins
We have so far highlighted how lipids control presynaptic proteins. Although we separately considered lipid properties such as head group charge (Charged Lipids Organize the Presynaptic Terminal), FA saturation state and cholesterol (Membrane Curvature, Fluidity, and Thickness in Presynaptic Function), more typically membrane parameters such as charge, fluidity, thickness, and others, are affected simultaneously. Moreover, almost all the proteins that are controlled by the properties of the membrane are themselves affecting membrane lipid organization. Membrane Lipid Packing Recruits MembraneRemodeling Proteins Although the lipid composition of a membrane directly affects curvature, presynaptic membrane remodeling typically requires cooperation with protein machinery. Many essential presynaptic proteins stabilize or further promote membrane curvature once they detect differences in the density of lipid packing or curved membranes. These interact with the membrane through an amphipathic helix or hydrophobic loop that inserts between lipid head groups into the cytoplasmic leaflet of the membrane (Antonny, 2011) . Thus, their membrane binding is enhanced when membranes contain cone-shaped lipids or when hydrophobic patches are accessible, for example, when membranes are highly curved ( Figure 4A ). The insertion of protein domains in membranes can act as a wedge that stabilizes or further expands one leaflet of the lipid bilayer. If protein insertions reach a sufficiently high concentration, as seen when these domains are part of an oligomeric protein array, the resulting increase in the area of the cytoplasmic leaflet further enhances membrane curvature (Sorre et al., 2012) .
The negative charge of PtdInsPs also influences membrane bending by recruiting membrane-inserting proteins to specific presynaptic subdomains. Synaptotagmin-1 and Doc2-beta that act as calcium sensors during evoked and spontaneous synaptic vesicle exocytosis are interacting with PtdIns(4,5)P2 (Groffen et al., 2010; Yoshihara and Littleton, 2002) . Upon binding calcium, their affinity for negatively charged PtdSer and PtdIns(4,5)P2 is increased (Vennekate et al., 2012) . Two hydrophobic loops from each of their two C2 domains then shallowly insert into the membrane cytosolic leaflet, up to one third of the membrane hydrophobic thickness, creating stress that has been proposed to induce positive membrane curvature (Martens et al., 2007) . The model is that the anion lipid recruitment of Synaptoptagmin-1 and Doc2-beta allows these proteins to locally deform the plasma membrane that thus protrudes toward the synaptic vesicle membrane, bringing the two cytosolic leaflets into close proximity and lowering the energy barrier for fusion.
Several endocytic proteins also insert into the membrane to generate or stabilize membrane curvature, and this is used at multiple steps of synaptic vesicle reformation, including initiation of endocytic pit formation, control of pit size, forming vesicular structures, and ultimately driving fission from the plasma membrane ( Figures 4B and B 0 ). These proteins include the essential factor of endocytosis, Endophilin-A (Gallop et al., 2006; Masuda et al., 2006; Weissenhorn, 2005 ) (see also below), and other endocytic proteins that possess an ANTH or ENTH PtdIns(4,5)P2-binding domain, such as the Epsins (Ford et al., 2002) , CALM, or AP180 (Miller et al., 2015) . Such proteins cycle between a soluble and a membrane-bound state. In most cases, they possess an amino-terminal region that is unstructured in solution and folds as an amphipathic helix upon interaction with a membrane, Neuron 90, April 6, 2016 ª2016 Elsevier Inc. 19 Neuron Perspective driven by the energetically favorable insertion of hydrophobic residues into the lipid bilayer. In the case of Endophilin-A, the functional relevance of these helices is further highlighted because the most commonly mutated protein in Parkinson's disease, leucine-rich repeat serine/threonine-protein kinase 2 (LRRK2), directly phosphorylates one of these helices, affecting its membrane insertion properties and thereby synaptic vesicle recycling (Ambroso et al., 2014; Arranz et al., 2015; Matta et al., 2012) . Proteins recruited to the membrane by such an insertion mechanism commonly harbor several protein interaction domains. For example, Endophilin-A can bind and recruit Synaptojanin-1 and Dynamin to sites of membrane remodeling (Milosevic et al., 2011; Ringstad et al., 1997; Verstreken et al., 2003) . Some of these membrane-inserting proteins also serve as adaptors for specific cargo, like AP180 that sorts VAMP2 into the newly forming synaptic vesicle (Gimber et al., 2015; Harel et al., 2008; Koo et al., 2015; Messa et al., 2014) . Hence, these coordinated lipid-protein interactions both physically alter membrane structure and recruit the necessary machinery and cargoes to form new synaptic vesicles ( Figure 4A ).
Lipid-mediated control of the structure of peripheral membrane proteins is associated with neurological disease. Alphasynuclein is an abundant presynaptic protein that also possesses an amino-terminal domain that folds into amphipathic helical structures upon membrane binding (Chandra et al., 2003; Fusco et al., 2014) . Mutations in SNCA (the gene encoding alpha-synuclein) cause familial Parkinson's disease, and pathology is associated with conformational changes in alpha-synuclein structure to an insoluble form that accumulates in the Lewy bodies that characterize several neurodegenerative diseases (Spillantini and Goedert, 2000) . The normal function of Alpha-synuclein is not fully understood, but it appears to relate to presynaptic membrane remodeling. Interestingly, the disordered lipid-interaction domain in Alpha-synuclein can adopt different types of alpha-helical structures, depending on lipid packing density and membrane curvature (Bartels et al., 2010) . Hence, membrane lipids control the equilibrium between different Alpha-synuclein conformations. Alpha-synuclein more readily forms alpha-helices when interacting with negatively charged lipid head groups and highly curved membranes such as those in synaptic vesicles. In contrast, the pathologically relevant form has a beta-sheet rich, aggregation prone, amyloid-like conformation. Alpha-synuclein binding to membrane lipids can compete against the amyloid-like conformation by stabilizing alpha-helical forms of the protein, and the idea that lipid binding is protective is supported by the fact that disease causing mutations cluster in the membrane binding domain (Burré et al., 2015) . However, this idea remains controversial because lipid binding can promote alpha-synuclein aggregation under conditions in which membrane is limiting, which might explain why SNCA duplication and triplications also lead to disease (Galvagnion et al., 2015) . (C) Synaptojanin-1 (green) dephosphorylation of PtdIns(4,5)P2 (blue) to PtdIns4P (purple) mostly occurs on curved membranes, that is, at the tip of endocytic buds. The N-BAR domain protein Endophilin-A (orange), which helps recruit Synaptojanin-1, also inserts into the cytoplasmic membrane leaflet and forms a lipid diffusion barrier, allowing Synaptojanin-1 to specifically deplete PtdIns(4,5)P2 from the growing vesicle tip. Because the head groups of PtdIns4P molecules form fewer cohesive bonds than PtdIns(4,5)P2, (Figure 2A ), this change in head group composition is hypothesized to lead to an expansion of the cytosolic leaflet of the bud membrane. This would in turn drive further positive bilayer curvature, creating a feedback loop that increases Synaptojanin-1 activity.
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Membrane Curvature Recruits and Activates Presynaptic Proteins Several membrane-binding proteins directly detect membrane curvature, including N-BAR domain-containing proteins. These domains assemble into a rigid, crescent-shaped homodimer made of two bundles of three long alpha-helices (Weissenhorn, 2005) . The concave face of a BAR dimer is lined with positive residues that allow membrane interactions by binding to a membrane surface if it is both convex and contains lipids with negatively charged head groups such as PtdSer and PtdIns(4,5)P2 (Peter et al., 2004) (Figure 4B ). Purified N-BAR domain proteins also multimerize and reshape the membrane by a scaffolding mechanism, imposing their own intrinsic curvature upon the membrane (McMahon and Gallop, 2005; Qualmann et al., 2011) . As discussed (see also below), the membrane-bending activity of N-BAR domain proteins also involves membrane insertions, for example, by two amphipathic helices in each Endophilin-A monomer (Gallop et al., 2006; Masuda et al., 2006; Weissenhorn, 2005) .
The interaction between peripheral membrane proteins and lipids not only alters protein conformation by stabilizing structured lipid-binding domains but in some cases appears to drive larger rearrangements that alter protein activity. This likely occurs with the PtdInsP-phosphatase Synaptojanin-1, that is particularly activated by curved membranes. Interestingly, this represents an example in which collaboration between lipids and protein regulates an enzymatic activity that, in turn metabolizes lipids to change the lipid composition of the membrane. Synaptojanin-1 is recruited to late-stage endocytic pits by Endophilin-A (Milosevic et al., 2011; Schuske et al., 2003; Verstreken et al., 2003) , and its enzymatic lipid-phosphatase activity is stimulated both by binding to Endophilin-A and interacting with curved membranes (Chang-Ileto et al., 2011) . We described earlier how Synaptojanin-1 hydrolyzing PtdIns(4,5)P2 removes endocytic adaptors, but this enzymatic activity may also more directly contribute to Dynamin-mediated scission during CME ( Figure 4C ) (Chang-Ileto et al., 2011) . In this model, BAR domain proteins shield the vesicle neck, restricting the lateral mobility of PtdIns(4,5)P2 (Saarikangas et al., 2009; Zhao et al., 2013) so that Synaptojanin-1 hydrolyzes PtdIns(4,5)P2 mostly at the head of the forming vesicle. This spatially organized conversion of PtdIns(4,5)P2 into PtdIns4P results in the loss of hydrogen bonds between the lipid head groups at the expanding vesicle tip ( Figures 1D and 4C ). This lowering of electrostatic interactions could cause an expansion of the cytoplasmic leaflet of the vesicle head-membrane, leading to increased positive curvature. This curvature in turn further enhances Synaptojanin-1 activity within the vesicle head membrane, thereby cooperating with Dynamin mediated vesicle scission ( Figure 4C ) (Chang-Ileto et al., 2011; Liu et al., 2009) . This model is supported by the observation that cells expressing an inositol-5-phosphatasedead Synaptojanin-1 accumulate not only clathrin-coated vesicles but also membrane-attached pits ''frozen'' at the cell surface (Perera et al., 2006) , that are indicative of defective vesicle scission. It is still unclear how Synaptojanin-1 interacts with membranes and how this alters its conformation and enzymatic activity. However, the coupling between Synaptojanin-1-mediated PtdIns(4,5)P2 dephosphorylation and membrane curvature exemplifies how a positive feedback loop contributes to fission while ensuring a distinct membrane identity for synaptic vesicles.
Conclusions
The presynaptic terminal evolved for efficient and rapid neurotransmitter release, which in essence is synonymous with membrane deformation, fusion, sorting, and fission. As described, each of these events is sensitive to membrane lipid composition. Synaptic trace lipids such as PtdInsPs provide specific membrane landmarks and act in concert with more abundant lipids that define bulk membrane properties. Yet the spatial organization of lipids across the synapse remains poorly defined, largely because of technical limitations. This remains challenging, but new methodologies based on click chemistry (Neef and Schultz, 2009) , vibrational microscopy (Yu et al., 2014) , and imaging mass spectrometry (Ellis et al., 2013) are now beginning to define membrane composition in situ at nanometer resolution. This insight will be key to integrate lipid biology with the mechanics of how proteins regulate neurotransmitter release and move us toward accepting the presynaptic terminal as a ''proteo-lipid'' machine driven by intricate, co-dependent proteinlipid collaborations.
